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We have studied the influence of the magnetization on the superconducting transition temperature (Tc) in bi- 
and trilayers consisting of the half-metallic ferromagnet Lao.erSro.asMnOs (LSMO) and the high-temperature 
superconductor YBa2Cu307_i (YBCO). We have made use of tilted epitaxial growth in order to achieve con- 
tacts between the two materials that are partly in the crystallographic a&-plane of the YBCO. As a result of 
uniaxial magnetic anisotropy in the tilted structures, we observe sharp magnetization switching behavior. At 
temperatures close to Tc, the magnetization switching induces resistance jumps in trilayers, resulting in a mag- 
netization dependence of Tc- In bilayers, this switching effect can be observed as well, provided that the in- 
terface to the ferromagnetic layer is considerably rough. Our results indicate that the switching behavior arises 
from magnetic stray fields from the ferromagnetic layers that penetrate into the superconductor. A simple model 
describes the observed behavior well. We find no evidence that the switching behavior is caused by a so-called 
superconducting spin-switch, nor by accumulation of spin-polarized electrons. Observation of magnetic cou- 
pling of the ferromagnetic layers, through the superconductor, supports the idea of field induced resistance 
switching. 



PACS numbers: 74.78.Fk 75.60.-d 85.75.-d 
I. INTRODUCTION 

The interplay between superconductivity and ferromag- 
netism is a rapidly developing field in condensed matter 
physics. In hybrid heterostructures, where the two different 
orders meet at the interface, interesting physics arises. One 
of the promising structures is the so-called superconducting 
spin-switch,'^^ which consists of two ferromagnetic metallic 
layers, sandwiching a superconductor An early theoretical 
proposal for a spin-switch, involving feiTomagnetic insulators 
was made by De Gennes.^ Here, the average exchange field 
induced in the superconductor depends on the relative orien- 
tation of the ferromagnetic layers. As a result, the supercon- 
ducting transition temperature, Tc, depends on this orienta- 
tion. Recently, such geometries were investigated for the case 
of metallic weak ferromagnets and it was predicted that, under 
the right circumstances, superconductivity can be switched on 
and off by applying a small external field. '-^ This switching 
was suggested to result from interference between the super- 
conducting wave functions transmitted through the S/F inter- 
face and reflected at the F surface. An alternative scenario 
for spin-switching is in terms of crossed Andreev reflection:"* 
when the ferromagnetic layers are magnetized in the antipar- 
allel direction. Cooper pair formation due to crossed Andreev 
reflection is enhanced, compared to the parallel configuration. 
This effect is the largest for strongly spin-polarized magnets, 
when crossed Andreev reflection occurs only in the case of 
antiparallel magnetization. 

Although full switching of superconductivity has never 
been observed, a resistance drop has been found in F/S/F sys- 
tems with weak ferromagnets when switching the magneti- 
zation from the parallel (P) to the antiparallel (AP) state. ^'^ 
In systems with strong ferromagnets, the opposite effect has 
been observed by Rusanov et alP , which was attributed to 



an increased number of quasiparticles in the superconductor 
as a result of the enhanced reflection of the spin-polarized 
quasiparticles. However, Moraru et al. found the standard 
spin-switch effect in a comparable systemi^ The contradic- 
tory results might be related to the employment of the ex- 
change bias mechanisms in some of these works.'" Recently, 
Tc shifts in F/I/S/I/F multilayer systems were observed that 
could not be fully explained by the spin-switch effect, but 
were partly attributed to spin imbalance in the superconduc- 
tor, induced by the feiTomagnet. " However, it was pointed 
out by Steiner et al}^ that stray fields due to specific mag- 
netic domain configurations can lead to changes in Tc- Sta- 
mopoulos et al. reported stray-fields-based magnetoresistance 
in Ni8oFe2o/Nb/Ni8oFe2o trilayers, that emerge from a mag- 
netostatic coupling of the ferromagnetic layersji^iii The im- 
portance of stray fields was further established by Carapella et 
al, who found that a glassy vortex phase induced by magnetic 
stray fields explains the switching behavior in their Co/Nb/Co 
trilayers.'^ Thus, magnetic stray field effects are a potential 
problem for the interpretation of data obtained on structures 
with ferromagnets in close proximity to superconductors. 

Studies on F/S hybrid systems have not been limited to 
conventional superconductors and ferromagnets. Combi- 
nations of the oxide materials Lao.eySro.ssMnOs (LSMO) 
and Lai_j,Ca^Mn03 (LCMO) with YBasCugOT-a (YBCO) 
have been used because of the high spin-polarization of 
LSMO"' and the good lattice match, allowing the growth 
of epitaxial structures. In these systems, large magnetore- 
sistance and an inverse spin-switch effect were found and 
attributed to the transmission of spin-polarized carriers into 
the superconductor'^'^ Vortex effects were ruled out as a 
cause for the observed phenomena, since no effects were seen 
in bilayers. Anisotropic magnetoresistance effects were ex- 
cluded on the basis of the absence of a dependence of the 
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FIG. 1 : Schematic picture of YBCO grown on STO (305). Indicated 
are the in-plane and out-of-plane crystallographic orientations and 
the YBCO a, b and c-directions. The c-axis makes an angle of 31° 
with respect to the sample surface. 



magnetoresistance peak on the relative orientation of current 
and magnetic field. However, the role of spin injection in 
LCMOA'BCO structures is not entirely clear. Gim et ai— 
found no conclusive evidence for suppression of supercon- 
ductivity from their quasiparticle injection experiments using 
LCMO/LSMO and YBCO. A similar conclusion was reached 
recently by Deng et al}^ from mutual inductance measure- 
ments on YBCO/LCMO bilayers, which were optimized for 
the experiment by growing YBCO with the c-axis in the plane 
of the film. These kind of experiments are performed under 
equilibrium conditions in the bilayers and might be more com- 
parable to the current-in-plane measurements of ref. Il7| than 
quasiparticle injection experiments. In the mutual induction 
experiments, suppression of superconductivity was found near 
the coercive field of the LCMO layer, which was attributed to 
magnetic field effects. 

It has been known from other systems as well that the ef- 
fects of field can be important; for example they can give rise 
to domain-wall guided superconductivity^^ and flux-flow in- 
duced giant magnetoresistance effectsi^ The volume magne- 
tization of LSMO /ioA/ can reach 0.8 T and it therefore is 
reasonable to expect a strong influence of stray fields. In a 
recent publication, Mandal et al.— point at a distinct contribu- 
tion of the dipolar field to the magnetoresistance in F/S/F tri- 
layers with Yo.6Pro.4Ba2Cu307 used for the superconductor. 
However the relative contribution to the magnetoresistance of 
the depairing due to accumulation of spin-polarized electrons 
remains unclear. Furthermore, the higher resistance seen in 
the state of AP magnetization is not understood. 

So far, c-axis oriented YBCO/LSMO superlattices, such as 
grown on SrTiOs (STO) (001) substrates, have been widely 
exploited. A disadvantage of these structures is the weak cou- 
pling between the superconductor and the feiTomagnet, due to 
the strongly anisotropic nature of superconductivity in YBCO. 
In order to achieve coupling that is (partly) in the afe-plane, 
we will exploit coherently tilted epitaxial growth^^ of YBCO 
on STO (305) substrates. On these substrates, YBCO grows 
with the c-axis making a 31° angle with respect to the sam- 
ple surface, as indicated in Fig. [T] A second advantage of 
using the (305) oriented structures is that remarkably sharp 
magnetization switching behavior can be realized, caused by 
the induced uniaxial magnetic anisotropy, with the easy axis 
along the [010] direction. This enables us to prepare a well- 
defined state of parallel (?) or antiparallel (AP) magnetization 



in trilayers. 

In this article, we show that the trilayer resistance shows a 
sharp drop when the magnetization is switched from the AP 
to the P state within the superconducting transition. How- 
ever, we find that the observed switching behavior is incom- 
patible with the superconducting spin-switch model and mod- 
els based on spin imbalance. We find a natural explanation 
in terms of stray fields from the LSMO layers that pene- 
trate the superconductor. Our measurements show clearly that 
the switching behavior can be understood completely from 
changes in the effective field when one of the ferromagnetic 
layers switches. We will show that we can even obtain switch- 
ing behavior in bilayers, as is expected within our model, by 
exploiting the controllable surface roughness of the ferromag- 
netic layers. 



II. EXPERIMENTAL DETAILS 
A. Film growth and characterization 

All thin films were grown on SrTiOa (STO) substrates. 
The STO (001) substrates were chemically treated^^ and an- 
nealed for at least two hours at 950 °C in an oxygen flow 
to produce atomically flat, Ti02 -terminated surfaces. For the 
(305) oriented substrates a single termination does not ex- 
ist, but the surfaces were atomically flat and substrate steps 
were observed, due to a small miscut with respect to the (305) 
plane. The thin film heterostructures were grown with pulsed 
laser deposition using a laser fluency of 1.5 Jcm~^ for both 
YBCO and LSMO. Film thicknesses were in the range of 50 
to 150 nm for LSMO and 20 to 100 nm for YBCO. The de- 
position temperature and oxygen pressure were respectively 
780 °C and 0.25 mbar for YBCO and 800 °C and 0.16 mbar 
for LSMO. For LSMO, the quality of epitaxial growth de- 
pends on the flux rate of the ablated material. We used the 
substrate-target distance to optimize the epitaxy of the LSMO 
layers. After deposition, the thin films were annealed for 10 
minutes at 600 °C in oxygen close to atmospheric pressure 
and subsequently cooled down at a rate of 4 °Cmin~^. 

X-ray diffraction (XRD) measurements confirmed the epi- 
taxial growth of the multilayers on both types of substrates. 
YBCO showed a sHghtly distorted unit ceU on STO (305): the 
angle between the crystallographic a and c-axes was 90.7(4)°, 
resulting in a monoclinic unit cell. However, a single film on 
STO (305) showed an almost nominal value for of 90 °C. 

LSMO grows smoothly on STO (305) substrates. Atomic 
force microscope (AFM) measurements on a 150 nm film 
showed a root mean square (rms) roughness of 2 nm and 
a peak-to-peak (pp) roughness of 5 nm. YBCO was much 
rougher with a pp roughness of 30 nm (5 nm rms) for a 100 nm 
film. The AFM images are shown as insets in Fig.|5] We at- 
tribute this large roughness to differences in growth rate be- 
tween the YBCO ab and c-direction. Secondly, nucleation ef- 
fects are expected, since the YBCO lattice vector in the crys- 
tallographic c-direction is three times as large as that of STO. 
As a result, an integer number of YBCO unit cells will not 
always fit between two nucleation sites. We therefore expect 
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FIG. 2: (a) 61-261 scan of LSMO grown on STO (305). Triangles de- 
note LSMO peaks, which largely overlap the STO peaks, indicated 
by closed circles. Peaks indicated by open circles are due to higher 
harmonics in the beam, (b) 6-29 scan for a YBCO/LSMO bilayer. 
Filled stars correspond to YBCO peaks, open stars indicate overlap- 
ping STO, LSMO and YBCO peaks. 



a large number of antiphase boundaries in these films. When 
LSMO was grown on top of YBCO, the average roughness 
did not further increase. For bilayers, this implies that we can 
choose to grow a smooth LSMO/YBCO interface, by putting 
the LSMO underneath the YBCO layer, or a rough interface, 
by putting LSMO on top of YBCO, making roughness a con- 
trollable parameter in unraveling the spin-switch mechanism. 



B. Transport and magnetization properties 

Temperature-dependent resistance (RT) measurements on 
trilayers clearly showed a parallel contribution of both LSMO 
and YBCO. In Fig. [3] RT-curves are shown that are mea- 
sured for two different directions of the current in a four- 
point configuration with electrical connections to the corners 
of the trilayer This configuration was used in all measure- 
ments. In the [010] direction the resistance has a YBCO-like 
linear temperature-dependence. The resistance measured in 
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FIG. 3: Temperature-dependence of the resistance for a (305) ori- 
ented F/S/F trilayer for two different directions of the applied cur- 
rent, as indicated. The layer thicknesses for the bottom F, S and top 
F layer are 50, 30 and 150 nm, respectively. The inset shows the 
behavior around Tc, vertical arrows indicate Tc. 



the [503] direction is larger and has the beU-shape that is typ- 
ical for LSMO, indicating that the YBCO resistance is higher 
in this direction. We attribute this to the c-axis transport com- 
ponent, which is present for this direction. In addition, a con- 
tribution of the antiphase boundaries can be expected predom- 
inantly in this direction. The thinnest YBCO films in bi- and 
trilayers exhibited a reduced Tc, probably related to strain ef- 
fects. In some structures we found two values for depend- 
ing on the direction of measurement. Thus, a superconduct- 
ing path between the current electrodes in the [010] direction 
could be formed at a higher temperature than in the [503] di- 
rection. By using a zero resistance criterion for Tc, we found 
45 K (40 K in the [503] direction), for thicknesses of 30 nm, 
which decreased to 20 K (both directions) for 20 nm films. 

Magnetization measurements were performed using a vi- 
brating sample magnetometer (VSM) mounted in the same 
system in which the transport measurements were taken. In 
one occasion, a SQUID magnetometer was used. Small field 
offsets (less than 20 Oe) observed in the VSM were absent 
in the SQUID magnetometer Our thin films showed slightly 
reduced Curie temperatures in the range of 320 to 350 K. Hys- 
teresis loops with the field oriented along the [010] direction 
and the [503] direction are presented in Fig. |4^ for an F/S/F 
trilayer with bottom and top layers of 50 and 150 nm, respec- 
tively and a YBCO thickness of 30 nm. The contributions of 
the two individual LSMO layers are clearly visible and sharp 
magnetization switching is observed when the field is applied 
in the [010] easy direction. Since the magnetic anisotropy 
of LSMO is sensitive to strain and uniaxial strain was found 
to induce uniaxial magnetic anisotropy,^** we expect uniaxial 
magnetic anisotropy for LSMO on STO (305) as well. In- 
deed, the [503] direction is clearly not an easy axis. We tried 
to fit both curves using the Stoner-Wohlfarth model^'^ for a 
single domain ferromagnet, but could not find a satisfactory 
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FIG. 4: Magnetization measurements on (305) oriented (a) and (001) 
oriented (b) F/S/F trilayers. The bottom and top F layers are 50 and 
150 nm, respectively, the S layer is 30 nm. Measurements are taken at 
temperatures slightly above Tc of the superconductor. The magnetic 
field directions are indicated in the figure. The (305) oriented trilay- 
ers show uniaxial magnetic anisotropy. The magnetization loop for 
the (001) oriented trilayers shows somewhat sharper features when 
measured along the [110] direction than along the [010] direction, in 
accordance with literature.— 
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FIG. 5: Resistance measurements at 61 K in the super- 
conducting transition as a function of magnetic field on (a) 
an STO(305)/LSMO/YBCO bilayer (150/30 nm) and (b) an 
STO(305)/YBCO/LSMO bilayer (30/150 nm) measured in a current- 
in-plane configuration. The magnetic field is applied along the [010] 
easy axis. The sweep direction is indicated by arrows, the vertical ar- 
rows indicate the coercive field of the ferromagnetic layer. The inset 
in (a) shows an atomic force microscope (AFM) image obtained on 
a 150 nm single LSMO film, which is much smoother than a 100 nm 
single YBCO film, as shown in (b). 



III. RESULTS AND DISCUSSION 



A. Resistance switching in F/S bilayers 



fit using a single set of parameters. The (001) oriented trilay- 
ers are expected to show biaxial magnetic anisotropy at low 
temperatures.-^ Although the difference is small, the magne- 
tization loop measured along the [110] easy direction (mea- 
sured in the SQUID magnetometer) as shown in Fig.|4j3 shows 
sharper features and larger saturation magnetization than the 
one measured along the [010] hard direction. Although two 
coercive fields are observed for both directions, the switching 
is less sharp than for the (305) oriented trilayer and the an- 
tiparallel (AP) state is poorly defined. We conclude that this 
is due to the biaxial magnetic anisotropy. 



We have grown bilayers on STO (305) both with the LSIVIO 
underneath YBCO (F/S) and with the LSMO on top (S/F). In 
both structures, the YBCO thickness is 30 nm and the LSMO 
thickness 150 nm. Both structures show a reduced Tc of 60 K. 
The resistance as a function of magnetic field is measured in 
the superconducting transition (at 61 K) using a current-in- 
plane (CIP) technique. Magnetic fields are applied along the 
easy axis. In the STO(305)/F/S structure, which has a smooth 
LSMO layer, the observed hysteresis is the largest for temper- 
atures above Tc. Even here, it is smaller than 0.2 % and is a 
direct result of the butterfly-shaped magnetoresistance of the 
LSMO layer The magnetoresistance in the superconducting 
transition at 61 K is shown in Fig.|5^. When the order of the 
layers is reversed, which yields a rougher interface, a large 



5 



hysteresis in the superconducting transition appears, which 
is too large to arise from the LSMO magnetoresistance. A 
typical result is depicted in Fig.|5]3. Starting from large nega- 
tive fields, the resistance shows a parabolic dependence on the 
field with a minimum around —200 Oe. Then, reaching the 
positive coercive field of 80 Oe, indicated by a vertical arrow, 
a peak structure can be observed in the magnetoresistance. 
Above 200 Oe, the resistance starts following the parabolic 
dependence again, however now displaced over the horizontal 
axis by a value of approximately 350 Oe. Since there is only 
one ferromagnetic layer we cannot analyze our results in terms 
of the relative orientation of ferromagnetic layers ruling out 
the spin-switch effect as a cause for the observed shift. Sim- 
ilarly, explanations using spin imbalance or increased quasi- 
particle densities fail for bilayers, since in these models there 
is no dependence on the direction of the spins. In fact, the 
observation of hysteresis effects in bilayers strongly points at 
an influence of the magnetization direction of the layer and its 
relative direction to the applied magnetic field. One can think 
of the total magnetic field, given by the contributions of the 
applied field and the stray fields of the ferromagnetic layer, as 
the main parameter determining the resistance of the bilayer. 
The peak structure around the coercive field is then most likely 
caused by stray fields at domain walls, due to the reorientation 
of magnetic domains. The larger S/F surface roughness of the 
STO(305)/S/F compared to the STO(305)/F/S bilayer might 
be expected to increase stray field effects.^" The larger hys- 
teresis observed in the STO(305)/S/F structures confirms this 
picture, in agreement with ref. [Tsl 



B. Resistance switching in F/S/F trilayers 

In addition to bilayers, we observe clear switching effects 
in trilayers. In Fig.|6l the magnetization curve of a (305) ori- 
ented F/S/F trilayer together with the field dependence of the 
resistance of the trilayer is presented. The layer thicknesses 
are 50, 30 and 150 nm for the bottom F, S and top F layer, 
respectively. The Tc of the trilayer was 40 K and the measure- 
ment is performed at 44 K. When the bottom LSMO layer 
switches, the trilayer resistance shows a small downward de- 
viation from the parabolic curve. A large resistance drop oc- 
curs upon switching the thicker and rougher top layer If the 
resistance switching effects resulted from switching from P to 
AP states, an increase in resistance of equal magnitude would 
be expected at the lowest coercive field. In addition, in the 
region around zero field, between the lowest positive and neg- 
ative coercive fields, the system would be in the same P state 
and the curves measured in increasing magnetic field and de- 
creasing field would have to overlap. The observed switching 
behavior can thus not be attributed to switching from P to AP 
states, but rather arises from the switching of the individual 
layers. It is interesting that we can observe a small resistance 
change as a result of the switching of the smooth F bottom 
layer, while we cannot see it in an STO(305)/F/S bilayer Ap- 
parently, stray fields more easily penetrate the superconductor 
in trilayers than in bilayers. Similar behavior was recently 
observed in ref. 13, were it was attributed to a magnetostatic 



coupling of the ferromagnetic layers. 

Before discussing the data further in terms of stray fields, 
we would first like to discuss whether a superconducting spin- 
switch effect could be detectable in our system given the 
thickness of the superconductor being several times the co- 
herence length of YBCO, which is about 2-3 nm in the ah- 
plane. In the original picture by Tagirov^ the superconduct- 
ing spin-switch effect depends on the parameter (^^/ds)^, in 
which ds is the thickness of the superconducting layer and 

= ^TiDs/'i'KkBTc, Ds being the diffusion constant in 
the superconductor, and fi and fc^ are the Planck and the 
Boltzmann constant, respectively. The Ginzburg-Landau co- 
herence length at K is approximately equal to ^s'- 

= 2^GL(0)/7r.^' Although the Tc-shift due to the spin- 
switch effect could be numerically calculated explicitly, we 
can safely conclude from the small value of {£,s/ds)'^ that it 
would be small. In Ref. 4, a magnetoresistance effect re- 
sulting from crossed Andreev reflection processes is predicted 
up to approximately 10 times the coherence length. This ap- 
proaches our film thicknesses, but it should be taken into ac- 
count that the electrons traversing the superconductor on the 
a6-planes will experience a film thickness of 60 nm due to the 
31° angle of the planes with respect to the sample surface. On 
the other hand, if the (inverse) spin-switch originates from the 
injection of spin-polarized electrons, the characteristic length 
scale is set by the spin-diffusion length in YBCO, which might 
well be larger than our film thickness.^^^ 



C. Penetrating field model 

We have shown above that the resistance switching effect 
in trilayers is larger when the top layer switches than when 
the bottom layer switches. The difference seems to be too 
large to arise solely from the different thicknesses of the top 
and bottom layer. We have already seen for the bilayers that 
roughness can increase the stray fields from the ferromangetic 
layers. If the magnetization would be perfectly homogeneous 
and in-plane, the field induced in the superconductor due to 
the magnetization of the F layers, would be very small and in 
fact only non-zero due to the finite size of the layers. This is 
the reason that in bilayers switching effects are absent when 
the F layer is the smooth bottom layer. To substantiate the 
effects of roughness further, we have carried out finite element 
simulations on a trilayer with one rough and one smooth F 
layer. Indeed, a substantial field is predicted to be induced in 
the superconductor, see Fig. [T] In the simulation, we neglect 
screening effects in the superconductor, which in practice will 
be small, since the temperature is above Tc- The essential 
point is that in parts where the superconductor is thin (which 
contribute the most to the resistance), the induced field will be 
opposite to the magnetization of the layer, and can be either 
parallel or antiparallel to the applied field, depending on the 
preparation of the system. We can therefore write for the total 
field Btot in the superconductor 

Btot = Mo (Hext ~ aiAfi - a2M2) , (1) 
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FIG. 6: (a) Magnetization of a (305) F/S/F trilayer (50/30/150 nm) 
as measured with a vibrating sample magnetometer (VSM) at 40 K. 
The dashed lines correspond to the coercive fields of the top and bot- 
tom layer. The highest coercive field is from the thicker top layer. 
The field range where the magnetization direction of the two layers 
is antiparallel (AP) is indicated, (b) Magnetization induced resis- 
tance switching effects in the superconducting transition (44 K). The 
apparent discontinuity at zero field is due to a small and smooth tem- 
perature drift in the system. Arrows denote the field sweep direction. 



where Hext is the externally applied field and ai 2 are posi- 
tive constants, relating the magnetization in the layers 1 and 
2 to the induced field in the superconductor. It will be clear 
that a is larger for the rougher layer Now we can combine 
this with the field dependence of YBCO in the absence of 
F layers, which is given in Fig. [8] by the dashed line. At a 
large positive field, the resistance will be lower than for the 
bare YBCO, due to the stray fields induced by the roughness, 
which are antiparallel to H^xt- Upon lowering the field the 
curve goes through a minimum at positive Hext because of 
the cancellation of external and stray fields. Further lower- 
ing yields a resistance increase because now the external and 
stray fields point in the same direction. At the coercive fields 
of the F layers 1 and 2, the curve then shift down, because 
the magnetization and therefore the stray fields switch and be- 
come again antiparallel. The switching of the ferromagnetic 
layers lead to thus to lateral shifts of the dashed curve at the 
coercive fields. If we take the coercive fields 50 and 120 Oe 
and use /io^i-^-'^i = 5 Oe and /iq 0^2^/2 — 25 Oe, we get the 
curve represented by the solid line. This would correspond to 
values for 011.2 of 0.2 % and 1 %, respectively. In the light of 
the previously suggested superconducting spin-switch mod- 
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FIG. 7: Simulated field distribution in an F/S/F trilayer with rough- 
ness. Arrows denote the field and magnetization directions. Rough- 
ness increases the field in the superconductor. At the thinnest parts of 
the superconductor, the stray fields are locally opposite to the magne- 
tization direction. The situation as depicted exists when the system 
has been saturated in a strong negative field (pointing to the left), af- 
ter which the field has been set to positive, but smaller than the lowest 
switching field. 
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FIG. 8: Reconstruction of the trilayer magnetic field dependence 
(solid black (red) line for increasing (decreasing) magnetic field) 
starting from the field dependence of a single YBCO layer in the 
superconducting transition (dashed curve, arbitrary offset). The ver- 
tical dotted lines denote the coercive fields of the ferromagnetic lay- 
ers. The open circle and triangle denote parallel states at different 
field values at which antiparallel states can be prepared as well (filled 
symbols). Horizontal arrows represent the magnetization state of the 
F layers; arrows to the right (left) indicate magnetization in the posi- 
tive (negative) direction. 



els, it is surprising that such a simple model can reproduce the 
observed behavior so well. 

To further substantiate this result, we prepared the system 
to be in the states as indicated by the circles and triangles in 
Fig. [8] and looked at the temperature dependence of the resis- 
tance difference between the open and filled symbols. Thus, 
we investigated the pure effect of the switching of the top or 
bottom layer on the resistance. It is clear from Fig. |9] that 
we only see resistance differences around the superconduct- 
ing transition. This is due to the fact that the magnetoresis- 
tance of YBCO above Tc is small and below Tc, large fields 
are required to suppress superconductivity. Note that an in- 
crease of resistance could be interpreted as a decrease of Tc- 
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At zero field, the difference between the AP and P state is 
small, which is due to the fact that it is the smooth bottom 
layer that is switched between the measurements. The sig- 
nal is negative, which is clear from inspection of Fig.[8]since 
we are probing the difference between the filled and open cir- 
cle. When we now compare this to the effect of switching 
the upper layer again parallel to the bottom layer, i.e. taking 
the difference between the open and filled triangle, we find a 
much larger signal of positive sign. It is interesting to see that 
we can mimic this behavior in a bilayer by measuring in a fi- 
nite field (below the coercive field) with the magnetization AP 
and P with respect to the field. In Fig. [9]; we find a resistance 
switching effect that has similar sign and magnitude as found 
in the trilayer. 

We have also studied the effect of inhomogeneous magneti- 
zation in the layers by either applying a demagnetization pro- 
cedure or by applying fields perpendicular to the sample. We 
find in both cases an increase in the resistance, which we at- 
tribute to the increased contribution of magnetic stray fields 
as was also found for F/S/F triple layers with perpendicular 
magnetic anisotropy by Singh et alJ^ 



D. Switching in (001) oriented F/S/F trilayers 

We have also fabricated a (001) oriented F/S/F trilayer, us- 
ing the same layer thicknesses as were used for the (305) tri- 
layer The trilayer showed a Tc of 60 K. In section IIIBI we 
have seen that for the (001) oriented structures the magnetiza- 
tion switching is less well-defined than for the (305) oriented 
structures. Still, we observe resistance switching effects near 
the coercive fields, indicated by dashed lines in Fig. [TO] Our 
data on (001) oriented structures are similar to data published 
in the literature. '^''^ Measurements are taken at 61 K. The re- 
sistance switching effects are superimposed on a background 
dip which will be discussed below in section HITfI When the 
field is applied along the [010] direction, an increase in the re- 
sistance is observed between —200 and 200 Oe, in the regime 
where the hysteresis loop of the magnetization starts to open. 
Switching is not as sharp as in the case of the (305) trilayers, 
and we propose that the increase of the resistance here is due 
to non-homogeneous magnetization as a result of in-plane do- 
main reorientation. Important to note is that at both switching 
field the resistance appears to go down rather than up, again 
suggesting that for each layer the direction with respect to the 
applied field is more important than their relative orientations. 
When the field is applied along the [110] easy axis, the magne- 
tization loop is sharper and domain reorientation effects play 
less a role. The effect on the resistance is clear; the increase 
in resistance between —200 and 200 Oe reduces dramatically. 
Notice that the smoother growth of YBCO on STO (001) di- 
minishes the difference in roughness between the top and bot- 
tom layer and the roughness of both interfaces will be compa- 
rable to the bottom interface in the (305) structures. We can 
thus only explain the strong resistance change from domain 
effects, which certainly are present, as the magnetization loop 
is still rounded. This probably underlies dissimilarities be- 
tween the data obtained on (305) and (001) oriented trilayers. 
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FIG. 9: (a,b) Resistance differences (line and symbols) between 
antiparallel and parallel states for a (305) oriented F/S/F trilayer 
(50/30/150 nm). The symbols correspond to the symbols used in 
Fig. [8] The temperature dependence of the resistance itself is in- 
dicated by the solid line (corresponding to the scale on the right). 
The resistance difference between the antiparallel state and the par- 
allel state is opposite in sign and different in size for two different 
field values, which is difficult to account for within the spin-switch 
model but has a clear origin in the stray fields from the individual 
ferromagnetic layers, penetrating the superconductor, (c) In an S/F 
bilayer (30/150 nm), at a finite field value below the coercive field, 
the switching of the ferromagnetic layer yields a comparable signal, 
supporting the idea that stray fields play an important role in these 
structures. 
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FIG. 10: Magnetization (a & c) and resistance (b & d) measurements of a (001) oriented F/S/F trilayer (50/30/150 nm) at 61 K in the 
superconducting transition for different magnetic field orientations as indicated. At the coercive field values, indicated by vertical dashed lines, 
resistance switching is observed. When the field is applied in the [010] direction, an increase in the resistance is observed between —200 and 
200 Oe. This increase arises from in-plane domain reorientation effects which correspond to the rounding of the magnetization curve. When 
the field is applied in the [110] easy direction the rounding decreases, resulting in a reduced resistance increase. 



Let us now compare the relative magnitude of the resis- 
tance switching effect for the (001) structures with that for 
the (305) structures. We adopt the definition AR = [Rmax — 
Rrrnn) / Rnor,^^ in which R,nin and R,nax are the resistance 
minimum and the maxium induced by the switching and Rnor 
the resistance of the trilayer in the normal state. We find 
Ai? = 0.7 % for the (001) trilayer when the field is applied 
in the [010] direction and 0.2 % when applied in the [110] di- 
rection. For the (305) trilayer the individual contributions of 
both layers are clearly visible and we find 0.4 % when the top 
layer is switched and we estimate 0.04 % for the bottom layer. 
We thus obtain that the magnitude of the resistance switching 
in the (305) structure is relatively large, given the sharp mag- 
netization switching, which we attribute to the roughness of 
the corresponding interface. The much smoother bottom in- 
terface shows indeed a smaller switching effect than the (001) 
oriented structures. 



structures with this orientation do not show single domain 
magnetization switching behavior, we can observe a step-like 
magnetization curve well above Tc, arising from two inde- 
pendent coercive fields. When the temperature is lowered to 
below Tc, this two-step behavior disappears and the coercive 
fields seem to merge. This behavior is likely due to the sud- 
den change in screening behavior of the S layer. The inter- 
play between magnetic domain structures and vortices were 
studied in ref.'s ,34..35.,36. It is well-known that supercon- 
ductivity in S/F hybrid structures can modify the magnetiza- 
tion state. ^^'^^'^^ While it is difficult here to identify exactly 
the mechanism leading to the observed coupling of the ferro- 
magnetic layers through superconductivity, it is clear from the 
measurement that magnetic interactions between the F layers 
through the superconductor take place, which stresses the im- 
portance of stray fields in these structures. 



E. Switchable coupling of F layers 

We have made another observation that indicates the impor- 
tance of the magnetic field penetrating the superconductor in 
this particular kind of structures. In Fig.[TT]we show magne- 
tization loops of a (001) oriented F/S/F trilayer both above Tc 
at 80 K and well below Tc at 25 K. Although, as stated above. 



F. High-field behavior of the magnetoresistance 

Finally we would like to discuss the high-field behavior of 
the F/S/F trilayers. In Ref. [l^, peaks in the magnetoresis- 
tance, centered at zero field, were attributed to spin imbal- 
ance due to the injection of spin-polarized carriers in a fashion 
that resembles the giant magnetoresistance (GMR) effect. In 
Fig- Eh the high-field dependence of a (305) oriented trilayer 
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Magnetic field (Oe) 



FIG. 11: Upon decreasing the temperature below Tc of the super- 
conductor in a (001) F/S/F trilayer (50/30/150 nm), we observe the 
loss of the 'AP' state due to a change in the mutual influence of the 
layers. This observation provides further proof that the F layers feel 
each others magnetic field and therefore, field effects on the super- 
conductor can not be neglected. ' AP' is put between quotation marks 
here, since due to the biaxial magnetic anisotropy, it is questionable 
whether this state is truly antiparallel. 



at temperatures in the range from 34 to 5 1 K is displayed. We 
observe a dip, rather than a peak, which directly reflects the 
magnetic field dependence of the YBCO in the superconduct- 
ing transition. Note that the switching effects that have been 
discussed in the previous sections take place at the bottom of 
the dip. In a (001) oriented trilayer, however, we observe the 
crossover from a peak to a dip depending on the temperature, 
see Fig. [T2b . We propose a straightforward explanation for 
this crossover Especially around Tc, small inhomogeneities 
in the film can lead to large resistance variations over the sam- 
ple. For example, a small variation of over the sample can 
lead to a considerable resistance variation over the sample. 
With the help of a simplified resistor network in Fig.[T2b it is 
easy to see that when a current, I tot, is passed through the cur- 
rent contacts /+ and /" the voltage over the voltage contacts 
(Vd) win be given by ItotRARo/iRA + Rb + Rc + Rd)- 
This means that when the resistances Rb and Rc decrease, 
the resistance we measure (i.e. Vo/Itot) increases. Indeed, 



in (305) oriented trilayers, where superconducting paths are 
achieved at higher temperatures in the [010] direction than in 
the [503] direction, the superconducting transition in one di- 
rection is sometimes accompanied by a resistance increase in 
the other direction. In Fig. [3] a weak signature of this effect 
can be seen. In a similar way, if a superconducting path is 
achieved in the direction perpendicular to the one in which 
the measurement is performed (in Fig. 112b for example Rb), 
this will generate a magnetoresistance with a dip, which now 
appears as a peak in the actual measurement. For lower tem- 
peratures, the dip in the initial superconducting path becomes 
weaker, but a direct superconducting connection between the 
voltage contacts will appear, resulting in the recovery of a dip. 
IV. CONCLUSION 

We have searched for the superconducting spin-switch ef- 
fect in F/S/F LSMO/YBCO bi- and trilayers that were opti- 
mized for the effect by making the contact between the ma- 
terials partly in YBCO's crystallographic afc-plane. Although 
we find sharp magnetization switching behavior in these struc- 
tures, with a well-defined antiparallel state, we do not observe 
any signature of a spin-switch effect. Instead, our data pro- 
vide compelling evidence that the observed resistance switch- 
ing effects are caused by magnetic stray fields from the ferro- 
magnetic layers, and that also interface roughness can play a 
role in the observed effects. In the case of the sharply switch- 
ing (305) oriented structures, we find that we can explain the 
data by taking such roughness into account explicitly. In (001) 
oriented structures, we have shown that domain reorientation 
effects have a strong contribution. Moreover, the same de- 
scription allows to explain data taken on bilayers with either 
rough or smooth interfaces. The results may be a warning 
sign that magnetic field effects, although often not considered 
to play a role in this kind of structures, might be important 
after all. 
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FIG. 12: High-field magnetoresistance behavior for various temper- 
atures from just below Tc to just above Tc for (a) (305) and (b) (001) 
oriented trilayers. In both trilayers, the bottom F, S and top F layer 
are 50, 30 and 150 nm, respectively. In the (305) structure we find 
a dip, reflecting the magnetoresistance of the YBCO in the super- 
conducting transition. The (001) structures show a crossover from a 
peak to a dip centered around zero field, (c) Resistor network repre- 
senting a simplified scheme of the sample resistance. When Rb and 
Rc decrease the measured resistance increases. This effect might 
explain the peak to dip crossover observed in (b). 



